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Electrokinetic pumpAbstract In this work, the electrophoretic behavior of zwitterionic buffers is investigated in the
absence of electroosmotic ﬂow (EOF). Electro mobilization of capillary contents is noted when
zwitterionic buffers are employed as the background electrolyte at a pH where the buffering moiety
carries a net charge. The bulk ﬂow of capillary contents was demonstrated via monitoring the
migration of a neutral marker as well as a free and micellar negatively charged marker and
SDS–protein complexes. This electrolyte-driven mobilization (EDM) was investigated in detail
using 4-(2-hydroxyethyl)piprazine-1-ethanesulfonic acid (HEPES) buffer over a wide pH range
(pH 4.0–8.0). Results conﬁrmed that at a pH where HEPES molecules carry a net negative charge,
a bulk ﬂow toward the anode is observed. This was attributed to the migration of HEPES ions
toward the anode along with their hydration shells. The relatively large difference in size and sol-
vation number between the ionic buffering moiety and its counter-migrating ions (Na+ or H+)
resulted in such a net movement. Results indicated that at constant voltage, plotting the measured
current versus buffer pH can be used for determination of the isoelectric point of the zwitterionic
buffering moiety. Furthermore, this novel mobilization modality was demonstrated using ﬁve dif-
ferent HEPES analogs over pH range 5.0–8.0. More in depth investigations are required in order to
explore the applicability of EDM in coated capillaries of different wall chemistries and dimensions.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Pharmacy, Cairo University.1. Introduction
A large number of zwitterionic organic buffers ‘‘Good’s buf-
fers’’1,2 are commercially available. They have a good water
solubility, low conductivity and low susceptibility to electroly-
sis at the electrodes.1,3–5 Zwitterionic buffers cover a wide
pH range including the physiological pH which made
them an ideal choice for applications involving biomolecules.
Their use in downstream puriﬁcation,6 characterization7 and
72 M.A. Al-Ghobashyanalysis8–10 of biotechnology-derived therapeutics has been
demonstrated by our group to eliminate the need for extensive
sample pre-treatment. Zwitterionic buffers have been also
employed in capillary electrophoresis (CE) applications
employing liposome-coated capillaries.11–13 However, an in-
depth investigation of the electrophoretic behavior of these
buffers has not been reported.
Electroosmotic ﬂow (EOF) is the bulk ﬂow of uncharged
liquids relative to a stationary charged surface under the effect
of an applied electric ﬁeld. Since 1809, when EOF was ﬁrst dis-
covered it has been recognized as the main mobilization force
in capillary electrophoresis (CE) and micro-total analysis sys-
tems (lTAS).14 EOF generates a constant, pulse-free ﬂow that
drags analytes, regardless of their charge in the same direction.
On the other hand, EOF is sensitive to changes in the chemical
composition of the surface, buffer pH and composition and
temperature.15 Preventing the adsorption of analytes, proteins
in particular to the wall of fused silica (FS) capillaries require
the use of coated capillaries. In such cases the EOF is either
partially or completely eliminated.8,16,17 However, the reten-
tion of some EOF has been one of the characteristics of an
ideal coat in order to maintain the pulse-free mobilization.
16–18 EOF is the most common ‘‘electrokinetic pump’’ and
its use in CE and microchips for separations has been
extensively investigated.14,19,20 However, partial or complete
elimination of EOF due to capillary wall coating has limited
the usefulness of EOF pumps, as explained above. In the liter-
ature, establishing of a new electrokinetic pump has always
been dependent on modifying the chemistry of the capillary
wall.14,19,21
In this study, the development of a wall-independent, elec-
trolyte-driven mobilization (EDM) will be investigated in
covalently and dynamically coated capillaries. The use of zwit-
terionic organic buffers as background electrolytes (BGE) at
pH range where a net negative charge is carried by the organic
buffering moiety is explored. The EDM will be demonstrated
using both neutral and negatively charged markers of different
chemical nature and in capillaries of different dimensions.
2. Experimental
2.1. Chemicals, solutions and samples
All tested zwitterionic buffers were prepared (50 mM) inMilliQ
water. Tested buffers are as follows: 4-(2-hydroxyethyl)pipr-
azine-1-ethanesulfonic acid (HEPES), 4-(2-hydroxyethyl)pipr-
azine-1-propanesulfonic acid (EPPS), 4-morpholineethanesulfonic
acid (MES), 2-hydroxy-4-morpholinepropanesulfonic acid
(MOPSO) and 2-hydroxy-3-[tris(hydroxymethyl) methyl-
amino]-1-propanesulfonic acid (TAPSO). For each buffer, a
suitable amount of the buffering moiety was weighed and dis-
solved in MilliQ water. The pH was adjusted to the required
value by careful, drop wise addition of either 0.1 M NaOH or
0.1 M HCl. The volume was then completed so that the ﬁnal
concentration of buffering moiety is 50 mM. All buffers
were obtained from Sigma, USA. A CE-grade neutral marker,
benzyl alcohol (BA) was obtained from MicroSolv, USA and
used without dilution in all experiments. A negatively charged
marker, orange G (OG) was obtained from Beckman Coulter,
USA and was prepared as 4% v/v OG in 50 mMHEPES buffer
(pH 7.0).2.2. Instruments
An Agilent HP CE 7100 system with a diode array detector
(DAD) and a high velocity air ﬂow thermosetting was used
(Agilent Technologies, Germany). System and data analysis
were carried out using Chemstation software (Agilent Technol-
ogies, Germany). Ultra-pure water was obtained using a
MilliQ UF-Plus system (Millipore, Germany) with a resistivity
of at least 18.2 M O cm at 25 C and TOC value below 5 ppb.
2.3. Capillaries
Zeroﬂow polyacrylamide coated capillaries were purchased
from Microsolv (USA) while bare FS capillaries were pur-
chased from Agilent Technologies (Germany). Capillaries were
of 50 and 75 lm id, 325 lm od and total and effective length of
33.0 and 24.5 cm, respectively. Upon purchasing the Zeroﬂow
coated capillaries, they were tested for lack of EOF according
to manufacturer speciﬁcations. In agreement to the provided
analysis certiﬁcate, no peak was detected for a neutral marker
when phosphate buffer (pH 7.5) was used. Before each run,
polyacrylamide coated capillaries were preconditioned with
MilliQ water then with BGE for 5 min each.
In experiments where a dynamic neutral coat was required,
bare FS capillaries were treated with polyethylene oxide (PEO)
polymer according to a previously optimized protocol devel-
oped by our group.8 Brieﬂy, capillaries were pre-conditioned
with 0.1 M NaOH and 0.1 M H3PO4 for 2 min each then Mil-
liQ water for 5 min. Capillaries were then ﬂushed with 0.10%
PEO solution (averageMw 100,000) that was prepared in the
BGE.
2.4. Analysis conditions
Marker samples were injected hydrodynamically at 50 mbar
for 10 s. All experiments were carried out at 25 C and detec-
tion was performed at 214 nm. The type and pH of buffer,
voltage and polarity are as indicated in each experiment.
Throughout the manuscript, positive polarity (normal polar-
ity) indicates that the position of the detector is at the cathodic
end while negative polarity (reversed polarity) indicates that
the detector is at the anodic end of the capillary, as illustrated
in each ﬁgure.
3. Results and discussion
The electro-driven bulk movement of the zwitterionic BGE
was investigated using FS capillaries of different surface prop-
erties. HEPES buffer (pH 7.0) was taken as a model to demon-
strate the suggested mobilization phenomenon. HEPES was
selected since it is the most widely used member of Good’s buf-
fers in biological applications, especially those involving elec-
trophoretic separations as discussed earlier.
3.1. Ion speciation of HEPES
HEPES is a zwitterionic compound with an isoelectric point
pI  5.0. It contains one sulfonate group that is completely
dissociated over almost the whole pH range and two basic
nitrogens at positions 1 (N1) and 4 (N4) of the piprazine ring
Figure 1 Chemical structure of HEPES.
Electrolyte-driven mobilization (EDM) 73(Fig. 1). The pKa values of N1 and N4 are 3.0 and 7.5, respec-
tively.1 Initially, ion speciation of HEPES was carried out in
order to correlate the observed net bulk ﬂow direction in cap-
illaries with the charge carried out by HEPES molecules. These
values indicate that HEPES carries a formal negative charge at
pH >9.5, where N1, N4 and the sulfonate groups are com-
pletely deprotonated.
In the pH range 9.5–5.5, N1 is completely deprotonated
(neutral), N4 is partially protonated (0.01–0.99) and the sulfo-
nate group is completely deprotonated (negative). Thus
HEPES carries a net negative charge ranging from 0.99 to
0.01. At pH <5.5, N1 and N4 become predominantly proton-
ated (positive) and sulfonate group is completely deprotonated
(negative). Thus HEPES carries a net positive charge even
though the sulfonate group is fully deprotonated.
3.2. Veriﬁcation of covalently coated capillaries
In this experiment, the efﬁciency of polyacrylamide covalent
coat was veriﬁed. Covalently coated capillaries (Zeroﬂow)
were tested using phosphate buffer (pH 7.5) and the BA neu-
tral maker as recommended by the manufacturer. No peak
representing the neutral marker was detected under positive
polarity which conﬁrmed lack of any detectable EOF. Results
were in agreement to those advocated by the manufacturer in
the analysis certiﬁcate provided with the capillaries. The same
experimental setup was repeated using 50 mM HEPES buffer
(pH 7.0) as the BGE. HEPES buffer was tested at pH 7.0 since
it falls within the effective buffer range and is one of the most
commonly used conditions for HEPES buffer. As expected, the
neutral marker was not detected under positive polarity
conditions. These results conﬁrmed lack of EOF using both
phosphate and HEPES buffers in Zeroﬂow covalently coated
capillaries.
3.3. EDM in covalently coated capillaries
Initially, 50 mM HEPES buffer (pH 7.0) was employed as the
BGE. The direction of movement of the BA neutral marker
was monitored under both positive and negative polarity con-
ditions. A peak corresponding to the neutral marker was
detected only under negative polarity (Fig. 2a). No peak was
detected under positive polarity, in agreement to results
obtained using phosphate buffer (pH 7.5). These results
showed clearly that our observations were consistent regard-
less the buffer type. The use of a covalently coated capillary
that was shown to be effectively coated with a neutral polymer
excluded the possibility of capillary wall modiﬁcation by
HEPES buffer itself. Mobilization of the neutral marker
toward the anode under negative polarity was correlated to
EDM. Throughout the run, a stable current trace of a constant
value was noted which indicated the stability of the dynamic
coat.3.4. EDM in dynamically coated capillaries
Further investigations were carried out by reproducing the
above experimental setup using bare FS capillaries of similar
dimensions. Before applying the dynamic coat, a peak corre-
sponding to BA was detected, under positive polarity condi-
tions. This was attributed to the effect of conventional EOF.
A neutral dynamic coat was generated in bare FS capillaries
by ﬂushing the capillary with a PEO solution as described
above. The direction of migration of BA was monitored under
both negative (Fig. 2b) and positive polarity (Fig. 2c). In agree-
ment to the results obtained using covalently coated capillaries
(Fig. 2a), the BA peak was detected only under negative polar-
ity conditions (Fig. 2b). These results indicated that an anodic
direction of the bulk ﬂuid ﬂow is observed in the absence of
EOF. Results of the above experiments showed that EDM
phenomenon can be demonstrated in both covalently and
dynamically coated capillaries.
3.5. Suggested mechanism for EDM
Here, ion speciation of HEPES was correlated with the results
obtained in covalently and dynamically coated capillaries. It
could be hypothesized that the bulk ﬂow of capillary contents
is associated with the net negative charge carried out by
HEPES molecules at pH 7.0. In the absence of an EOF,
HEPES ions migrate toward the anode along with their hydra-
tion shell (Fig. 2a–b). A wall-independent but electrolyte-
dependent bulk ﬂuid ﬂow toward the anode is established. This
bulk ﬂow is similar to EOF but in the opposite direction and is
observed when the buffer moiety carries a net charge. The rel-
atively large difference in size and solution number between
HEPES ions and their counter ions (H+ and Na+) is thought
to be responsible for the EDM. This could explain why EDM
was not observed with phosphate buffer.
3.6. EDM in capillaries of different dimensions
In order to investigate the consistency of EDM in larger diam-
eter capillaries, 75 lm FS capillaries were employed. A
dynamic coat was established as described above and the direc-
tion of migration of BA was monitored under negative polar-
ity. Results showed a peak for the neutral marker as shown in
Fig. S1. This observation demonstrated clearly that in the
absence of EOF, EMD is observed in both 50 and 75 lm
capillaries.
3.7. EDM using negatively charged markers
Further investigations were carried out using a CE-grade neg-
atively charged marker (OG) under the experimental condi-
tions described above. A peak corresponding to OG marker
was detected at a shorter migration time (Fig. S2-a) when com-
pared to that of BA (Fig. S1). The chemical identity of OG was
conﬁrmed using the light absorption spectrum obtained using
the diode array detector of the CE system (Fig. S2-b). Results
supported our hypothesis that bulk movement of capillary
contents toward the anode is observed representing the
EDM. The faster migration rate of OG when compared to that
of BA could be explained on the basis of the negative charge
Figure 2 Electrophoregrams demonstrating the effect of capillary wall on the electrolyte-driven mobilization of a neutral marker. (a)
ZeroFlow capillary under negative polarity conditions, (b) dynamically coated capillary under negative polarity conditions and (c)
dynamically coated capillary under positive polarity conditions. Capillary total length: 33 cm, effective length: 24.5 cm, outer diameter:
325 lm, internal diameter: 50 lm, voltage: 418 V/cm, temperature: 25 C, detection: UV at 214 nm, background electrolytes: 50 mM
HEPES – pH 7.0, hydrodynamic injection: 50 mbar – 10 s and sample: benzyl alcohol.
74 M.A. Al-Ghobashycarried by OG molecules. The structure of OG (Fig. S2) shows
two fully ionized sulfonate groups, thus migrate faster than
HEPES toward the anode. The migration of both BA and
OG toward the anode indicated suppression of the EOF by
the dynamic coat while in the absence of the dynamic coat,
the markers were dragged to the opposite direction, under
the inﬂuence of EOF. A stable current trace of a constant value
along the run time (30 min) indicated the stability of the
dynamic coat (Fig. S1).
In previously reported work by our group, OG marker was
shown to migrate at a much slower velocity toward the anode
upon addition of SDS to the BGE (Fig. S3).10 In that experi-
ment, a set of HEPES buffer (pH 7.0) containing 0–35 mM
SDS was used as the BGE in dynamically coated capillaries.
This observation indicated that negatively charged SDS
micelles are dragged toward the anode under the inﬂuence of
EDM (Fig. S3). Results conﬁrmed the existence of two differ-
ent populations of OG (free and micellar) in the capillary
lumen migrating toward the anode. The shift in the migration
time of the OG indicated equilibrium between OG(Free) and
OG(Micellar).
10
A similar ﬁnding has been also demonstrated by our
group for negatively charged protein–SDS complexes in
dynamically coated capillaries.10 The migration direction of
protein–SDS complexes was comparable to that of OG mar-
ker in dynamically coated capillaries, under negative polarity.
Protein–SDS complexes were found to migrate toward the
anode but at a much slower velocity than that of OG. This
was attributed to the large molecular weight of the studied
protein; bovine serum albumin (MW 69.3 kDa).10 Recently,
it has been reported that zwitterionic nanoparticles were
shown to exhibit a similar behavior under the inﬂuence of
pH.223.8. Factors affecting EDM
3.8.1. Effect of pH
The dependence of the EDM on the pH of the BGE employed
was then investigated using a series of 50 mM HEPES buffer
solutions (pH 4.0–8.0) that was analyzed under the same
experimental conditions. The neutral marker indicated an ano-
dic migration of the BGE at pH >6.0 (Fig. 3) where HEPES
molecules carry a net negative charge. At pH 6.0 the neutral
marker was detected as a broad peak migrating slower than
that recorded at the higher pH range. Below pH 6.0, the mar-
ker peak was not fully resolved as demonstrated in Fig. 3. This
was in agreement to the theoretical speciation of HEPES ion
discussed earlier. Based on these results, it was anticipated that
at pH values lower than 4.0, EDM toward the cathode could
be generated. This was attributed to the net positive charge
carried by HEPES molecules. Unfortunately, the instability
of the polyacrylamide covalent coat at extreme pH ranges pro-
hibited experiments being carried out under such condi-
tions.8,23 The peak shape of the neutral marker at pH range
where HEPES is partially ionized was not symmetric. Further
investigations are required in order to reveal the cause of peak
asymmetry.
3.8.2. Effect of applied electric ﬁeld
The effect of HEPES ionization over the studied pH range on
the conductivity of the capillary content was investigated in
covalently coated capillaries. The same set of HEPES buffers
was analyzed at different values for the applied electric ﬁled
(100–900 V/cm). In these experiments, no marker was injected
and the temperature was controlled at 25 C. The current
measured throughout the studied pH range was plotted versus
Figure 3 Electrophoregrams showing the effect of HEPES buffer pH on the electrolyte-driven mobilization of a neutral marker under
negative polarity conditions. ZeroFlow capillary total length: 33 cm, effective length: 24.5 cm, outer diameter: 325 lm, internal diameter:
50 lm, voltage: 418 V/cm, temperature: 25 C, detection: UV at 214 nm, background electrolytes: 50 mM HEPES – pH 4.0–8.0,
hydrodynamic injection: 50 mbar – 10 s and sample: benzyl alcohol.
Figure 4 A plot representing the effect of voltage on the electric current measured for a set of HEPES buffer solutions of different pH
values under negative polarity conditions. Capillary total length: 33 cm, effective length: 24.5 cm, outer diameter: 325 lm, internal
diameter: 50 lm, temperature: 25 C, background electrolytes: 50 mM HEPES – pH 4.0–8.0 and no injection.
Electrolyte-driven mobilization (EDM) 75the applied electric ﬁeld measured during the run (Fig. 4).
Results were further investigated; the current was plotted ver-
sus buffer pH (Fig. 5). Results showed that the current (at con-
stant electric ﬁeld) decreased with the decrease in pH until it
reached a minima at pH 5.0 then increased as the pH was fur-
ther decreased to pH 4.0. These results supported our under-
standing of the dependence of the magnitude of EDM on
HEPES ionization. By plotting the current versus pH of the
BGE, the pH at the current minima (pH 5.3) at each voltage
was found very close to the reported pI of HEPES
(pI  5.0)1 as shown in Fig. 5. This should be a potential
method for the determination of the pI of zwitterionic com-
pounds. The applicability of this approach for determinationof pI of other zwitterionic compounds is currently under inves-
tigation by our group.
In order to investigate the effect of applied electric ﬁeld on
the EDM, the migration of the neutral marker was investi-
gated at different voltages. In these experiments, HEPES buf-
fer (pH 7.0) was used as the BGE, at 25 C in covalently coated
capillaries. The marker peak was found to migrate with a fas-
ter velocity when the voltage was increased from 150 to 450 V/
cm (Fig. 6). This was demonstrated by shorter elution time and
relative decrease in peak width of the marker. Such decrease in
peak width indicated that the residence time of BA band in the
detector window is shorter due to faster net movement of BGE
dragging the neutral marker. The electrophoretic mobility of
Figure 5 A plot representing the effect of pH of HEPES solutions on the electric current measured at different voltages under negative
polarity conditions showing minima at isoelectric point of HEPES. ZeroFlow capillary total length: 33 cm, effective length: 24.5 cm, outer
diameter: 325 lm, internal diameter: 50 lm, temperature: 25 C, background electrolytes: 50 mM HEPES – pH 4.0–8.0 and no injection.
Figure 6 Electrophoregrams showing the effect of the voltage applied under negative polarity conditions (A: 150 V/cm, B: 300 V/cm and
C: 450 V/cm) on the electrolyte-driven mobilization of a neutral marker. ZeroFlow capillary total length: 33 cm, effective length: 24.5 cm,
outer diameter: 325 lm, internal diameter: 50 lm, voltage: 418 V/cm, temperature: 25 C, detection: UV at 214 nm, background
electrolytes: 50 mM HEPES – pH 7.0, hydrodynamic injection: 50 mbar – 10 s and sample: benzyl alcohol.
76 M.A. Al-Ghobashythe neutral marker expressing the EDM was found constant;
2.21 · 104 ± 0.111 · 104 cm2/V s (95% conﬁdence) over
the studied range of applied electric ﬁeld. No signiﬁcant differ-
ence between the migration time-corrected peak area was
noted in all cases; 6.31 ± 0.56 (95% conﬁdence). These results
indicated a direct proportionality between HEPES ion velocity
and the applied electric ﬁeld that supported our understanding
of EDM.
3.8.3. Effect of salt
Salts are a commonly used additive in buffer solutions
intended for downstream puriﬁcation and analysis of biomol-
ecules. Desalting is a routine step that is carried out beforeelectrophoretic analysis. However, the complete removal of
salt is a difﬁcult to reach target. The robustness of perfor-
mance of electrophoretic techniques is of great value. In this
experiment, the deleterious effects due to the presence of NaCl
in the buffer on EDM have been investigated. A set of HEPES
buffers (pH 7.0) was prepared but in the presence of different
concentrations of NaCl. The migration behavior of BA was
investigated in covalently coated capillaries as described
above. In the presence of NaCl, the BA was found to migrate
slower than that in the absence of NaCl (Fig. 7). This could be
attributed to screening of the EDM by the increasing number
of counter ions in the BGE. It was also noted that the EDM
was not severely affected until the salt concentration exceeded
Electrolyte-driven mobilization (EDM) 7720 mM. Above such concentration limit, counter ions present
in excess should be leading the direction of bulk ﬂow. This
indicated that analysis using EDM as the mobilization force
is robust to salt concentrations that could be remaining in
the samples to be analyzed.
3.9. EDM using HEPES analogs
The EDM has also been demonstrated with other zwitterionic
buffers over their recommended pH ranges in covalently
coated capillaries. Each buffer was employed at two different
pH values which enabled the investigation of EDM over a
pH range of 5.0–8.0. All buffers investigated showed the sameFigure 7 Electrophoregrams demonstrating the effect of NaCl conce
under negative polarity conditions. Capillary total length: 33 cm, effe
50 lm, voltage: 418 V/cm, temperature: 25 C, detection: UV at 214 n
different concentrations of NaCl, hydrodynamic injection: 50 mbar –
Table 1 Summary of the physicochemical properties of the zwitterio
the neutral marker obtained at different pH values under negative p
MW pKa and typical
buﬀering pH rangeb
HEPES 238.30 pKa = 7.55
6.8–8.2
EPPS 252.33 pKa = 6.00
5.0–6.5
MES 195.24 pKa = 6.15
5.5–6.7
MOPSO 225.26 pKa = 7.20
6.2–7.6
TAPSO 259.28 pKa = 7.60
7.0–8.2
a ZeroFlow capillary total length: 33 cm, effective length: 24.5 cm, ou
temperature: 25 C, detection: UV at 214 nm, background electrolytes: 50
benzyl alcohol.
b Manufacturer speciﬁcation data sheet (Sigma, USA).
c tm: migration time, average of three determinations, 95% conﬁdence.
d Calculated based on average value of tm.phenomenon which demonstrated the applicability of EDM
using other zwitterionic organic molecules at a suitable pH
range. The migration time and apparent mobility of the neu-
tral marker were found to differ according to the buffer
employed (Table 1). However, apparent mobility was found
approximately constant for each buffer regardless of buffer
pH. These results were in agreement with our ﬁnding with
HEPES buffer. The mobility of the neutral marker was found
constant as long as the buffering moiety is sufﬁciently ionized.
Further investigations using more zwitterionic molecules are
needed in order to correlate the physicochemical properties
of the zwitterionic buffers to the magnitude of EDM. Results
also indicated that the use of pH stable capillary coatingsntration on the electrolyte-driven mobilization of a neutral marker
ctive length: 24.5 cm, outer diameter: 325 lm, internal diameter:
m, background electrolytes: 50 mM HEPES – pH 7.0 containing
10 s and sample: benzyl alcohol.
nic buffers tested, migration time and electrophoretic mobility of
olarity conditions.a
pH tm
c (min) Apparent mobilityd
(cm2/V s)
7.0 3.94 ± 0.18 2.48 · 104
8.0 4.08 ± 0.16 2.39 · 104
5.0 4.11 ± 0.12 2.38 · 104
6.5 4.01 ± 0.15 2.44 · 104
5.5 3.68 ± 0.09 2.65 · 104
6.5 3.55 ± 0.12 2.75 · 104
6.5 3.51 ± 0.14 2.78 · 104
7.5 3.52 ± 0.10 2.77 · 104
7.0 3.63 ± 0.05 2.69 · 104
8.0 3.62 ± 0.11 2.70 · 104
ter diameter: 325 lm, internal diameter: 50 lm, voltage: 418 V/cm,
mM – pH 7.0, hydrodynamic injection: 50 mbar – 10 s and sample:
78 M.A. Al-Ghobashyshould allow separations at extreme pH values, provided that
suitable zwitterionic buffers are carefully designed and synthe-
sized to cover such pH ranges.
4. Conclusion
In the absence of electroosmotic ﬂow, the use of zwitterionic
organic buffers as background electrolytes generates a bulk
ﬂuid ﬂow in coated fused silica capillaries. This ﬂow was
termed as electrolyte-driven mobilization (EDM). This phe-
nomenon represents a novel mobilization modality that is
not reliant on the nature of the capillary wall and is applicable
for analyte mobilization in electrophoretic separations where
covalently or dynamically coated capillaries are required.
The ability of the EDM to drag the capillary contents toward
one electrode provides a novel mobilization modality for
microﬂuidics applications. This is particularly important as
an electrically-driven pump in micro channels with uncharged
walls. The usefulness of the EDM can be further extended by
using zwitterionic buffers that cover extreme pH ranges.
5. Conﬂict of interest
None declared.Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.bfopcu.
2014.03.001.
References
1. Good NE, Winget GD, Winter W, Connolly TN, Izawa S, Singh
RMM. Hydrogen ion buffers for biological research. Biochemistry
1966;5:467–77.
2. Ferguson WJ, Braunschweiger KI, Braunschweiger WR, Smith
JJ, McCormick JJ, Wasmann CC, et al. Hydrogen ion buffers for
biological research. Anal Biochem 1980;104:300–10.
3. Bousˇkova´ E, Presutti C, Gebauer P, Fanali S, Beckers JL, Bocek
P. Experimental assessment of electromogration properties of
background electrolytes in capillary zone electrophoresis. Electro-
phoresis 2004;25:355–9.
4. Stoyanov AV, Pawliszyn J. Buffer composition changes in
background electrolyte during electrophoretic run in capillary
zone electrophoresis. Analyst 2004;129:979–82.
5. Varenne A, Descroix S. Recent strategies to improve resolution in
capillary electrophoresis. A review. Anal Chim Acta
2008;628:9–23.
6. Al-Ghobashy MA, Williams MAK, Brophy B, Laible G, Harding
DRK. On-line casein micelle disruption for downstream puriﬁca-
tion of recombinant human myelin basic protein produced in the
milk of transgenic cows. J Chromatogr B 2009;877:1667–77.7. Al-Ghobashy MA, Williams MAK, Laible G, Harding DRK.
Probing the interaction between recombinant human myelin basic
protein and caseins using surface plasmon resonance and diffusing
wave spectroscopy. J Mol Recogn 2010;23:84–92.
8. Al-Ghobashy MA, Williams MAK, Harding DRK. Factors
affecting the performance of capillary isoelectric focusing in
dynamically coated capillaries using polyethylene oxide polymer.
Anal Lett 2008;41:1914–31.
9. Al-Ghobashy MA, Williams MAK, Laible G, Harding DRK.
Coupled solid phase extraction and microparticle-based stability
and purity-indicating immunosensor for the determination of
recombinant human myelin basic protein in transgenic milk.
Talanta 2013;109:7–12.
10. Al-Ghobashy MA, Williams MAK, Laible G, Harding DRK.
CZE with on-line micellar sample stacking for determination of
protein concentration of biopharmaceuticals. Chromatographia
2011;73:1145–53.
11. Wiedmer SK, Jussila M, Hakala RMS, Pystynen K-H, Riekkola
M-L. Piperazine-based buffers for liposome coating of capillaries
for electrophoresis. Electrophoresis 2005;26:1920–7.
12. Hautala JT, Wiedmer SK, Riekkola M-L. Inﬂuence of pH on
formation and stability of phosphatidylcholine/phosphatidylserine
coatings in fused-silica capillaries. Electrophoresis 2005;26:176–86.
13. Hautala JT, Linden MV, Wiedmer SK, Ryhanen SJ, Sa¨ily MJ,
Kinnunen PKJ, et al. Simple coating of capillaries with anionic
liposomes in capillary electrophoresis. J Chromatogr A
2003;1004:81–90.
14. Wang X, Wang S, Gendhar B, Cheng C, Byun CK, Li G, et al.
Electroosmotic pumps for microﬂow analysis. Trends Anal Chem
2009;28:64–74.
15. Wang W, Zhou F, Zhao L, Zhang J-R, Zhu J-J. Measurement of
electroosmotic ﬂow in capillary and microchip electrophoresis. J
Chromatogr A 2007;1170:1–8.
16. Dolnik V. Capillary electrophoresis of proteins 2005–2007. Elec-
trophoresis 2008;29:143–56.
17. Lucy CA, MacDonald AM, Gulcev MD. Non-covalent capillary
coatings for protein separations in capillary electrophoresis. J
Chromatogr A 2008;1184:81–105.
18. Huang Y-F, Huang C-C, Hu C-C, Chang H-T. Capillary
electrophoresis-based separation techniques for the analysis of
proteins. Electrophoresis 2006;27:3503–22.
19. Rikke N, Gabriela C, Yolanda F, Jorg K. Electro-driven
separation methods on chips. In: Jorg K, Yolanda F, editors.
Separation methods in microanalytical systems. Taylor & Francis;
2006.
20. Biscombe CJC, Davidson MR, Harvie DJE. Electrokinetic ﬂow in
parallel channels: circuit modelling for microﬂuidics and mem-
branes. Colloids Surf A 2014;440:63–73.
21. Wang X, Cheng C, Wang S, Liu S. Electroosmotic pumps and
their applications in microﬂuidic systems. Microﬂuid Nanoﬂuid
2009;6:145–62.
22. Hsu C, Lo T-W, Lee D-J, Hsu J-P. Electrophoresis of a charge-
regulated zwitterionic particle: inﬂuence of temperature and bulk
salt concentration. Langmuir 2013;29:2427–33.
23. Engelhardt H, Cunat-Walter MA. Preparation and stability tests
for polyacrylamide-coated capillaries for capillary electrophoresis.
J Chromatogr A 1995;716:27–33.
